Ascorbic acid oxidase (AAO; EC 1.10.3.3) has been known since 1931 when first identified (as "hexoxidase") in cabbage leaf (23) . Since then the enzyme has been widely reported in various plant and fungal tissues (Table I) , but as yet its precise function is under debate (7) . It catalyzes the reaction 2 L-ascorbate + O 2 → 2 dehydroascorbate + 2 H 2 O
Reports of AAO in barley are limited. Honda studied the enzyme in barley roots and found it be associated with cell walls (9) , in keeping with the findings of others (16) . Tamas et al (24) studied the impact of cadmium on AAO in germinating barley seeds, with the agent causing substantial inhibition of rootlet growth. Cadmium inhibited two cationic AAO enzymes and also two anionic isozymes. A fifth AAO, this one cationic, was activated by cadmium. Zelinova (25) also investigated the impact of Cd in inhibiting AAO.
Leaving aside the issue of its functionality in the economy of a growing plant, the question is begged of whether we can confirm the presence of such an enzyme in malt and what its significance might be in the context of brewing, which has not been hitherto explored. We have recently reported the existence in malt of a related enzyme, ascorbate peroxidase (12) . It was shown that this peroxidase has a very high affinity for hydrogen peroxide and that the enzyme might have a valuable role in removing that reactive oxygen species; however the enzyme is relatively heat sensitive and would not survive well in mashing scenarios. We now report the presence of AAO and show that its properties are rather more commensurate with an impact on "oxygen economy" in sweet wort production.
EXPERIMENTAL

Preparation of Malt
Barley (100g, Metcalf, harvested in Canada, 2008) was germinated according to Hoy et al (10) .
After treating the barley with 1% Sodium hypochlorite solution, it was washed with sterile water. Then the barley was steeped in water at 16 o C for 8 h, before draining and allowing to "air rest" at 16 o C for 16
h. The barley was re-steeped in water at 16 o C for 24 h prior to germinating at 16 o C for 6 days. The green malt was dried by lyophilization (Eyela FDU-2100, Tokyo Rikakikai Co. Ltd., Tokyo, Japan). was then strained through cheesecloth and the resulting liquid was centrifuged at 10,000 x g. The resulting supernatant was referred to as "crude extract".
Preparation of extracts
Endosperm slices
Slices (2mm) were cut from sterile, dehusked barley at a distance of 2 mm behind the scutellum (2) . The slices were incubated at room temperature in sterile Petri-dishes (9 cm) containing gibberellic acid (10 -5 M; Sigma-Aldrich, cat#. 7645) sterilized by filter (Minisart SPR15). After incubation, 5 mL of 50mM phosphate Buffer (pH 7.0) was added and the tissues ground with a pestle and mortar. The homogenate was kept for 1 h at room temperature before removal of particulate material by centrifugation at 10,000 x g.
AAO assay
AAO activity was assayed on the basis of measuring the oxidation of ascorbate by the decrease in absorbance at 265 nm (e= 14 mM.cm -1 ) at 25 o C (19) . The reaction mixture contained 50mM potassium phosphate buffer (pH 7.0), 0.5mM ascorbate, and enzyme solution. One unit of enzyme catalyzes the oxidation of 1mM ascorbic acid per min. AA peroxidase was assayed as described previously (12) . 
AA peroxidase assay
Optimum pH determination
Purification of AAO
Malt (100g), milled as described earlier, was extracted for 3h at 4 o C with three volumes of 50mM citrate-phosphate buffer pH7.0 containing 2mM EDTA and then centrifuged at 10,000 x g for 10min.The enzyme extraction was applied to a column (25 mm × 300 mm) of Macro-Prep CM support (Bio-Rad CA USA; http://www.bio-rad.com/LifeScience/pdf/Bulletin_9292.pdf). The protein was eluted using a 0-1 M linear gradient of sodium chloride flowing at 1.5 mL min -1 . Fractions containing AAO were collected and re-precipitated using 80% saturation of ammonium sulfate. The precipitate was re-dissolved in 2mL of 50mM citrate-phosphate pH 7.0, and then applied to the size-exclusion column (10 mm × 350 mm, P-100 gel, Bio-Rad CA USA). The eluant was citrate-phosphate, 50mM, pH 7.0 flowing at 2 mL min -1 . The samples were separated on a 12.5% uniform gel (e-PAGEL, Cat# E-T12.5L, ATTO, Tokyo Japan) or a 15% uniform gel (e-PAGEL, Cat# E-T15S,ATTO, Tokyo Japan). Electrophoresis was carried out as described elsewhere (13, 21) with the following modifications: the samples (0.01 ml) were added to 0.01 ml of sample buffer and then heated at 100°C for 3 min. Samples were added at 10 µl per well. The gels were run at 20 mA at a gel thickness of 1.5 mm. Molecular weight standards were from Bio-Rad Laboratories, Inc. The gel was stained with 0.25% Coomassie Brilliant Blue R-250.
SDS-polyacrylamide gel electrophoresis
Protein concentration determination
Protein concentration was determined using the method of Bradford (4). The standard curve was produced using bovine serum albumin (Cat. # 05482: Sigma-Aldrich).
Location of AAO in grain using stains
Barley or malt (1.0g) was steeped in 1% ascorbic acid solution in phosphate buffer (50mM, pH 7.0) at 30 o C for 1~4h. After reaction, residual ascorbic acid was detected by 1mL of 2,6dichlorophenolindophenol solution (2.5mg in 100mL of deionized water) as described elsewhere (14) . 
Heat stability experiment
The enzyme solution was heated at 40-100°C for 30 min at pH 6.0 and cooled in ice prior to assay.
Determination of kinetic parameters
Two substrate kinetic analysis was conducted according to Dalziel (5) using a system as shown in Research expandable ionAnalyzer EA 920 after manual inversion. After cone filtration, between 5 and 10 mL samples of wort were passed through glass fiber filters. The resulting sample was run through an Anton Paar DMA 4100m density meter to determine specific gravity. Color was determined by taking the absorbance at 430nm of the remaining sample in a plastic cuvette (1) .Total polyphenols were measured in accordance with the ASBC method (1). Free thiols were determined using the method of Muller (18) . 
RESULTS
Enzyme properties
AAO is not present in ungerminated barley but starts to be synthesized immediately upon steeping ( Fig 2) . It reaches a maximum level of activity early in germination, thereafter decreasing to a low but finite level at the end of germination. By contrast, ascorbate peroxidase is synthesized rather later AAO is primarily located in the embryo of dissected sprouted grain with successively less enzyme in the proximal and distal endosperm (data not shown).
Fractionation of crude extracts of malt by cation exchange chromatography revealed 2 peaks of AAO activity (Fig 3) , which are designated AAOI and AAOII. Further chromatography of these peaks on Bio-Gel P100 indicated that AAO1 was of higher molecular size than is AAOII (Fig 4a, b) and this was confirmed by polyacrylamide gel electrophoresis ( Fig 5) . Molecular weight estimates for the two enzymes are approximately 25-27,000 and 6-9,000 respectively.
Both enzymes had a pH optimum of approximately 7, but AAOI has a broader activity range ( Fig   6) . Both enzymes would be expected to display significant activity at mashing pHs and in beer. Both enzymes are relatively heat tolerant (Fig 7) . Of the two, the very low molecular weight AAOII is really rather phenomenally thermotolerant, with some 20% of the activity surviving a 1-hour boil.
The enzyme may display slight activation by manganese and zinc, however it is inhibited by copper, despite AAO in most plants generally being described as an enzyme rich in copper (Table II) . Table III ) revealed that AAOI is capable of operating faster than AAOII (higher V max ). However AAOII has a much greater affinity for both substrates (lower K m values).
Mashing studies
Mashes were performed at 65 0 C either in the presence or absence of 5.7mM ascorbic acid. This value is well in excess of the K m value for AAOII, which would thus be expecting to operate at maximum rate at the start of mashing (Table IV) . The presence of ascorbic acid had little impact on the specific gravity of recovered worts. Unsurprisingly it lowered the pH of the mash, although this rose progressively through mashing whereas the pH of the control mash decreased. The addition of ascorbic acid led to substantially higher levels of polyphenol and thiols being measurable in the wort, this being consistent with the ascorbic acid functioning as a substrate for AAO in consuming oxygen that would otherwise be used to oxidize polyphenols and thiols. There is generally also a lower color observed in the trial mashes (with the exception of the 60 minute reading which featured perhaps a spuriously high value). Again this would be consistent with less polyphenol oxidation in the trial mashes.
DISCUSSION
Two AAO enzymes have been isolated from barley grain that are very different from any AAO previously reported (c.f. Table I ). In the first instance, both are of much lower molecular size than previously reported activities. We find a weakly cationic enzyme of molecular weight in the region of 25,000 (AAOI) and a strongly cationic enzyme with an extremely low molecular weight of less than 10,000 (AAO II). The latter represents one of the smallest enzymes ever reported and would classify as a microenzyme (15, 17) . factor impacting the availability of this enzyme in a mash is the amount that is present in malt per se.
The enzyme declines in level as germination is prolonged.
AAOII has much greater affinity (lower K m ) for both substrates than has AAO1, although the latter displays a higher V max value. The K m value for ascorbic acid displayed by AAOII is comparable with that reported for AAO from other organisms (c.f. Table I ). Few other papers report a K m for oxygen, but the value we have measured for AAOII is comparable with that from Acremonium (11).
In view of the very high affinity of AAOII for ascorbic acid and oxygen, coupled with its thermotolerance, we supposed that it ought to be capable of preferentially scavenging oxygen that would otherwise be expected to react enzymically or non-enzymically with other materials in a mash. As summarized by Stephenson et al (22), there are diverse potential events consequent to oxygen ingress in a mash, including possibilities for oxidation of unsaturated fatty acids, cross-linking of thiol-rich proteins and oxidation of polyphenols with the production of color. It was our hypothesis, then, that the addition of ascorbic acid to mashes would lead to a diminution in such effects. If indeed there was less oxidation of thiol groups we would anticipate increased measureable levels of -SH in mashes containing ascorbic acid. Similarly we would expect an increased level of polyphenol surviving into wort and a decrease in the amount of color produced. Table IV shows that these expectations were realized. We are presently investigating whether ascorbic acid added at this stage has any material impact on the flavor stability of beer. Table II Inhibition 
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